physiological and reproducible conditions. Here, we grew cells on three different fibronectin patterns with identical overall dimensions but different geometries ( , T and Y), and investigated their topography and mechanics by atomic force microscopy (AFM). The obtained mechanical maps were reproducible for cells grown on patterns of the same geometry, revealing patternspecific subcellular differences. We found that local Young's moduli variations are related to the cell adhesion geometry. Additionally, we detected local changes of cell mechanical properties induced by cytoskeletal drugs. We thus provide a method to quantitatively and systematically investigate cell mechanics and their variations, and present further evidence for a tight relation between cell adhesion and mechanics.
Tissue development and maintenance relies on a continuous interplay between each cell and its environment, through both biochemical signals and physical cues. Through cell-cell and cellextracellular matrix contacts and interactions, cells are able to sense external forces and geometrical constraints. [1] [2] [3] [4] Such signals are fundamental to regulate cellular processes such as differentiation, growth, division and even cell death. 3, [5] [6] [7] A quantitative characterization of cell mechanics, and elasticity in particular, is thus fundamental to understand how structural and functional integrity of cells and tissues are maintained. 6, 8 The major contribution to cell elasticity is provided by the cytoskeleton, and by actin filaments in particular. 9, 10 Several techniques have been developed in the last decades to investigate cell mechanics, 11 such as magnetic (MT) [12] [13] [14] and optical tweezers (OT), 15, 16 the optical stretcher (OS), 17 magnetic twisting cytometry (MTC), 12, 16, 18 particle tracking microrheology (PTM), [19] [20] [21] [22] traction force microscopy (TFM), 23, 24 real-time deformability cytometry (RTDC), 25 atomic force microscopy (AFM) 26, 27 and others.
Despite its low through-put compared to MT, OS, MTC or RTDC, AFM offers high spatial and force resolution over a wide range of forces and a controlled contact geometry. Additionally, AFM provides simultaneous topographical and mechanical characterization of living cells. [28] [29] [30] Unlike MT, MTC or PTM, no probe binding or injection into the sample are needed and measurements are thus performed in physiological conditions. Moreover, AFM is suitable for both adherent and non-adherent cells. 31, 32 Improvements of AFM elasticity measurements, better understanding of contact geometry, as well as models accounting for the influence of sample thickness, set the standards in the field of cell mechanics. [33] [34] [35] [36] [37] [38] [39] [40] Although quantification of the elasticity by one single value measured in the central region of cells has proven to give useful information, for example in the comparison of cancer and normal cells, [41] [42] [43] local elasticity variations could not be detected in such experiments and important information about the mechanics of subcellular structures was missed. 44 Such information is provided by AFM mechanical mapping, i.e. acquiring force-distance curves on each pixel of the image, thus allowing to identify subcellular regions characterized by specific stiffness associated with local structures. 29, 30, 26, 45, 46 For example, nuclear versus peripheral regions, or actin-rich versus actin-poor areas show differences in elasticity of up to four orders of magnitude, from tens of Pa to some hundreds of kPa. 19, 45, [47] [48] [49] Moreover, local mechanical characteristics have been attributed to specific cellular structures as tested by drug treatments. 10, 48, 50, 51 These may affect some cell areas (i.e. the structures present in these areas), but leave others unaltered revealing structural and mechanical heterogeneity.
A major problem in the quantification of mechanical maps on cells is the lack of reproducible morphology in standard culture conditions. In fact, culture dishes represent an infinite, homogeneous surface on which cells undergo continuous structural and morphological rearrangements and never attain a defined state. The mechanical properties of cells reflect such variability, preventing a quantitative description of cell mechanics that takes into account subcellular differences in a systematic manner.
By growing cells on adhesive micropatterns, a well-defined and confined environment is imposed that drives cells to adopt regular shapes and cytoskeletal organization. 4, [52] [53] [54] [55] Such regularity allows us to investigate single cells, but also to average maps acquired on different cells, providing information on constant and reproducible cell features. Moreover, specific cellular processes such as division or migration could be controlled by defining the cell adhesion geometry, mimicking the spatial constraints that a cell is exposed to inside a tissue. 53, 54, [56] [57] [58] Indeed, the combination of patterning techniques with mechanical mapping has provided new insights in the identification of local mechanical heterogeneities of cells. Park et al. investigated local cell stiffness in relation to the remodeling rate of the CSK actin density and prestress, and provided evidence for a linear correlation between cell stiffness and prestress. 59 Other groups used AFM mechanical mapping to study cell elasticity dependence on parameters like cell spread area, substrate stiffness or actin distributions. 60, 61 Although important findings have been achieved, a systematic method is still lacking which allows identifying preserved mechanical features and their precise location within the cell in relation to the adhesion geometry. The aim of this work was to show how cell mechanics are determined on a global and local level by the adhesive cell environment. This has been achieved through establishing a combined method of AFM-based mechanical mapping and averaging of elasticity maps of living cells confined on adhesive micro-patterns. This strategy allows a more quantitative and reproducible way of probing local mechanics of cells. By computing average elasticity maps of cells plated on three different patterns, we identified specific mechanical responses that depend on the adhesion geometry, on both global and local scales. Importantly, averaging mechanical maps allows us to distinguish local elasticity variations present at repetitive cell locations on each adhesion pattern, separating them from non-reproducible variations due to the intrinsic heterogeneity of cells. As a proof of concept, we perturbed the acto-myosin cytoskeleton of patterned cells with specific drugs and mapped their elasticity. 
Results

Cell
Perturbation of the acto-myosin cytoskeleton by Latrunculin-A:
Latrunculin-A disrupts actin filaments and causes cell softening. 62 We used 1 µM Latrunculin-A to determine which subcellular regions are more sensitive to its action. Mechanical mapping of single patterned cells before and after drug addition to the imaging medium illustrated dramatic changes of the cell mechanics ( Figure 4) . As expected, cells become softer as a consequence of the disruption of the actin skeleton (the experiment was performed on 3 cells per pattern, all reporting cell softening), but this change in the elastic properties did not involve the entire cell body. In fact, the mechanical properties of the nuclear region, as well as the adhesive regions, remained unaltered.
On the contrary, as the actin cortex was disrupted, non-adherent peripheral regions underwent drastic changes. In particular, the thick stress fibers present at concave edges in the case of Tand Y-cells were depolymerized, and the cells lost their shape and retracted to the adhesive surfaces only ( Figure SI3 ). These morphological changes were accompanied by cell softening by a factor of about 10 in the peripheral regions. In detail, non-adhering edges of T-and Y-cells (with initial stiffness around 100 kPa) collapsed, and their elasticity contribution shifted from 100 to 10 kPa, while the peak elasticity corresponding to the nucleus remained constant at ~40 kPa. -cells showed similar changes in the mechanical properties, with the nuclear region maintaining its characteristic elasticity, while the surrounding regions presented drastic softening. Morphological changes were also less pronounced because the adhesion structures were present all along the adhesive -pattern. T-cells presented similar behavior to Y-cells at concave edges and similar to -cells at the straight edge.
Perturbation of the acto-myosin cytoskeleton by Blebbistatin: Blebbistatin binds to Myosin II and blocks it in a conformation with low affinity for actin, which results in a reduction of crosslinking of actin filaments. 63 As a consequence, intracellular tension is released, the cell retracts and its elastic modulus decreases. 10 We treated cells with 20 μM Blebbistatin, and monitored the change of the elastic modulus by mechanical mapping before and after drug addition ( Figure 5 ). We observed a retraction of non-attached cell borders, and a 5-fold overall softening. Again, while the nuclear region maintained its elasticity value, stronger effects were found for peripheral regions, with an elasticity decrease of about 10 times.
Discussion
By growing cells on adhesive micropatterns and mapping their mechanical properties by AFM, we show that adhesion geometry triggers specific mechanical properties at both local and global scales. In particular, by using -, T-and Y-shaped fibronectin micropatterns, which share the distance between the extremities but differ in the adhesive geometry, we show that the mechanical response of cells varies driven by the localization of their adhesion sites. We Figure SI5 ). These features combine good lateral resolution with well-defined tip geometry. Moreover, using such a very high tip reduces the influence of the viscous drag on the measurements. In PF-QNM AFM the average indentation velocity at which force curves are acquired (~1200 µm/s) is higher than conventional force curves (in the µm/s range). This leads to measured Young's moduli in the tens-of-kPa range, slightly higher than at slower velocity due to the viscoelastic response of living cells. 45, 47, 48, [64] [65] [66] [67] To corroborate this, we performed elasticity measurements at varying velocities ( Figure SI6 ), in agreement with previous reports. 64, 67 Measurements on the central part ofcells at 5, 25, 50 and 100 μm/s yielded Young's moduli of 9.6 ± 3.0, 9.7 ± 2.9, 14.7 ± 1.5 and 16.1 ± 0.5 kPa (geometric mean ± standard deviation), respectively, while the value obtained in Peak Force is of 32 ± 1.5 kPa (mean value obtained from the log-scale average). , which is consistent with the stiffness order < T < Y obtained from our measurements. Since elasticity variations of a group of cells are due to intracellular and intercellular differences, we investigated heterogeneities by two different approaches. Average histograms reported in Figure 3A show the broadest distributions for cells plated on Y-patterns, and the narrowest for cells grown on ∇-patterns. Similarly, CV maps ( Figure 3B ) present higher variations both locally and globally for Y-, and lower for -cells. Nevertheless, CVs were small in the three cases. Thus, combining the results of such analysis suggests that the higher variability observed for Y and T-cells is mainly due to cell-to-cell mechanical heterogeneity. In particular, highest CVs are found at concave borders of T-and Y-cells, which are also the stiffest regions and probably where local cytoskeletal organization is more uneven. In agreement with these results, a high variability of actin bundle strength, (i.e. variability of the curvature radius) at concave cell borders was shown. 75 In contrast, peripheral adhesion sites provided by patterns counterbalance acto-myosin tension, and exhibit a more controlled and reproducible structure and mechanical response. Namely, it is easier and more reproducible to regulate the prestress if the perimeter of the cell is adhering.
The tensegrity and prestress models apply well also to the results we obtained from the Interestingly, softening induced by both Latrunculin-A and Blebbistatin concerned peripheral areas but not as much the nuclear region. These observations suggest that the mechanical properties of the nucleus do not dependent on the actin cytoskeleton. Moreover, in non-patterned cells, overall much stiffer than patterned cells, the nucleus presented Young's moduli close to that of patterned cells ( Figure SI7) . Previous works showed no significant alteration of the nuclear shape after actin filament disruption by Cytochalasin D 76 corroborating the hypothesis that the physical properties of the nucleus are mainly determined by the nuclear lamina. 77 These results suggest that conventional cell elasticity measurements should be performed on areas near but not on the nucleus, especially if a difference is to be probed after drug treatment. They further highlight the usefulness of the presented approach to precisely control the cell morphology and where the measurements are performed.
Conclusion
In this work we perform AFM-based mechanical mapping on cells plated on micropatterns and we show that these yield a pattern-specific reproducible mechanical response. A fundamental advantage of the proposed method is the possibility of obtaining average elasticity maps. These average maps allow us to specifically locate intracellular elasticity differences, which are maintained among cells and to identify regions characterized by higher or lower mechanical stability. Our data show that cells adapt the mechanical properties of subcellular regions according to the adhesion geometry, providing unique information about the relation of cells' mechanical properties to their adhesive environment. Our results showed that adhesive cell borders provide mechanical stability and homogeneity within the cell. On the contrary, concave cell shapes, due to a lack of peripheral adhesion, induce high tension in the cytoskeleton and higher mechanical heterogeneity. Three general rules can thus be formulated: 1) at locations where cells adhere to the patterns, high Young's moduli are to be expected, due to the higher concentration of actin structures; 2) in the absence of adhesive borders, the cell is obliged to form thick and tensed actin fibers to cover a sufficient spread area. Such fibers result in mechanical maps as very stiff regions. 3) In non-adherent cell areas, no cytoskeletal structure can be anchored, thus intracellular tension is low and, consequently, low elasticity values are found in these regions. Importantly, our findings suggest that cell stiffness is not always higher, the larger the adhesive area. We also showed that perturbation of specific cytoskeletal components affects cell mechanics in different ways depending on the local actin structure and adhesive geometry, suggesting that tension is concentrated on concave cell borders. This deepens our understanding of the role of specific cytoskeletal components, as well as the interdependence of intracellular elements, in the maintenance of cell morphological and mechanical integrity.
Therefore, the combination of micropatterns, AFM mechanical mapping and image averaging constitutes a promising approach to investigate the mechanical heterogeneity of individual cells and the mechanics of subcellular components. were used for all measurements. Cantilever spring constant and sensitivity were calibrated before each experiment using the thermal fluctuation method 79, 80 . Tip height, radius and angle where verified by scanning electron microscopy ( Figure SI8) . 
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